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WDFWLOH VHQVRUV FDSDEOH RI VHQVLQJ QRW RQO\ QRUPDO IRUFH EXW DOVR WDQJHQWLDO IRUFH GLVWULEXWLRQV DUH HIIHFWLYH IRU
HYDOXDWLQJPHFKDQLFDOSURSHUWLHVRIDQREMHFWVHYHUDONLQGVRIWKUHHD[LVWDFWLOHVHQVRUVKDYHEHHQGHYHORSHG,Q
SDUWLFXODU WKUHHD[LV WDFWLOHVHQVRUVEDVHGRQ LPDJHGDWDSURFHVVLQJDUHH[FHOOHQWFDQGLGDWHV IRUDFKLHYLQJURERWLF
WDVNV LQWHOOLJHQWO\ DQG VWDEO\ EHFDXVH WKH\ KDYH UREXVW FKDUDFWHULVWLFV VXFK DV UHVLVWDQFH WR H[WHUQDO QRLVH DQG
GXUDELOLW\ DJDLQVW LPSDFW IRUFHZKLFK FDXVH IDWDO GDPDJH LQ SHUIRUPLQJ WDVNV7KXV IDU RXU WDFWLOH VHQVRUV KDYH
EHHQDSSOLHGWRDGXDODUPURERWWRSURYHWKHHIIHFWLYHQHVVRIWKLVVHQVRULQDGYDQFHGURERWLFV
+RZHYHU RXU WDFWLOH VHQVRU KDV WZR SUREOHPV UHODWHG WR FRPSDFWQHVV DQG VSDUVHHOHPHQWFRQILJXUDWLRQ WKH
IRUPHULVFDXVHGE\ZLULQJWRVHYHUDOH[WHUQDOGHYLFHVVXFKDVDFDPHUDDILEHUVFRSHDOHQVV\VWHPDQLPDJHERDUG




DOOLQW\SH WDFWLOH VHQVRU ZKLFK LQFOXGHG D FDPHUD ERDUG /(' OLJKW VRXUFH DQG 86% LQWHUIDFH LQ LWV FDVLQJ IRU
VROYLQJWKHIRUPHUSUREOHP$OWKRXJKRXUVHQVRUZDVDEOHWRVROYHWKHDERYHSUREOHPVLWVWLOOKDGDSUREOHPLQWKDW
LWFRXOGQRWPHDVXUHEHORZDURXQG1IRUFH













2.2. All-in-type Three-axis Tactile Sensor  
7KHRUGLQDOWKUHHD[LVWDFWLOHVHQVRUH[SODLQHGLQWKHODVWVHFWLRQSURYHGHIIHFWLYHDWDOORZLQJDQDGYDQFHGURERW






SUREOHPEHFDXVHZHZLOO DSSO\ WKH URERWHTXLSSHGZLWK WKH WKUHHD[LV WDFWLOH VHQVRUV WRDZLGHU ILHOG LQ WHUPVRI
RSWLFDOFDEOHOHVVVWUXFWXUH
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1RUPDODQG WDQJHQWLDO IRUFHFRPSRQHQWVDUHPHDVXUHGE\EULJKWQHVVRIFRQWDFWDUHDDQGPRYHPHQWRIFRQWDFW
DUHD7KXVQRUPDODQG WDQJHQWLDO IRUFHVDUHPHDVXUHG IURPDQ LQWHJUDWHGEULJKWQHVVRI WKH LPDJHGDWDG DQG WKH
FHQWURLGPRYHPHQWRIWKHEULJKWDUHDZKLFKLVH[SUHVVHGE\ xu DQG yu LQORFDOFRRUGLQDWHV:HDVVXPHWKDWWKUHH





2.3. Covered Ordinal Optical Three-axis Tactile Sensor 
6LQFHWKHRULJLQDORSWLFDOWKUHHD[LVWDFWLOHVHQVRUGLGQRWKDYHDUXEEHUGRPHVHQVLQJHOHPHQWVDUHVXSSRUWHGE\
DQDOXPLQXPGRPH,QWKHVHQVRUVHQVLQJHOHPHQWVDUHLQVHUWHGLQWRKROHVRQWKHDOXPLQXPGRPH,IDUXEEHUVNLQLV
DWWDFKHG WR WKH RUGLQDO RSWLFDO WKUHHD[LV WDFWLOH VHQVRU LW EHFRPHV WKH FRYHUHG RUGLQDO RSWLFDO WKUHHD[LV WDFWLOH




GDWD SURFHVVLQJ ZH XVHG 0LFURVRIW 9LVXDO 6WXGLR  DQG WKH OLEUDU\ RI 2SHQ&9  $IWHU LPDJH GDWD


















4.1. Experimental Setup and Procedure 
7RHYDOXDWH WKHSUHVHQW WDFWLOH VHQVRUZHXVHG DQ DSSDUDWXVPDFKLQH FDSDEOHRI DSSO\LQJ D FRPELQHG ORDGRI










³D´ EXW DOVR 3RLQW ³E´ VKRZQ LQ )LJ  )RU WDQJHQWLDO IRUFH VHQVLQJ DIWHU WKH VHQVRU D[LV LV URWDWHGZLWKLQ 
QRUPDOIRUFHLVDSSOLHGWRWKHSDULHWDOSRUWLRQWKURXJKWKHxyVWDJH$WWKDWWLPHWKHYDOXHRIDSSOLHGQRUPDOIRUFHLV
PHDVXUHGE\RXWSXWRI WKH WDFWLOHVHQVRU0DLQWDLQLQJ WKHQRUPDOIRUFHFRQVWDQW WDQJHQWLDO IRUFH LVDSSOLHG WR WKH
SDULHWDORIWKHWDFWLOHVHQVRUXVLQJWKHPRWRUL]HGzWDEOH7KHDSSOLHGWDQJHQWLDOIRUFHLVPHDVXUHGE\WKHIRUFHJDXJH
4.2. Normal Force Sensing 
7RHYDOXDWHWKHSUHVHQWWDFWLOHVHQVRU6HQVRU$ZHH[DPLQHWKHUHVXOWVRIWKHQRUPDOIRUFHWHVWWRFRPSDUHWKH
UHVXOWIRU6HQVRU$ZLWKWKDWRI6HQVRU%)LJXUHVKRZVH[SHULPHQWDOUHVXOWVRIWKHQRUPDOIRUFHWHVWZKHQIRUFH
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LVDSSOLHG WR3RLQW DZKLFK LV WKHSDULHWDOSRUWLRQRI WKHVHQVRU)LUVW LI WKH UHVXOWRI)LJD LVH[DPLQHGZH
QRWLFH WKDW WKHRXWSXWRI6HQVRU$DULVHVDIWHU17KLVUHVXOW LVFRPSOHWHO\GLIIHUHQW IURPWKHSUHFHGLQJUHVXOWV
ZKLFK VKRZHGDURXQG1 LQVHQVLEOH IRUFH UHJLRQ ,PSURYHGGDWDSURFHVVLQJGHVFULEHG LQ&KDSWHU VXFFHVVIXOO\
DFFRPSOLVKHVWKHGLPLQXWLRQRIWKHLQVHQVLEOHIRUFHUHJLRQ+RZHYHUWKHQRQOLQHDUYDULDWLRQLQEULJKWQHVVVXFKDV
WKH³6´VKDSHLVPRUHVDOLHQWWKDQWKDWRI6HQVRU%VKRZQLQ)LJE$OWKRXJKWKHRXWSXWRIEULJKWQHVVEHWZHHQ




































































































































4.3. Tangential Force Sensing 









SUHVHQW&026FDPHUDZKLFKGRHVQRWKDYH WKH VDPHVHQVLWLYLW\DV WKH&&'FDPHUDXVHG LQ WKHSUHYLRXV VWXG\













































7RDGYDQFH WKHDOOLQW\SH WDFWLOHVHQVRUZH LPSURYHG WKHVRIWZDUHIRU WDFWLOHGDWDSURFHVVLQJDQGREWDLQHG LWV
VHQVLQJ FKDUDFWHULVWLFV 7KH LPSURYHG VRIWZDUH UHGXFHG WKH LQVHQVLEOH IRUFH UHJLRQ XQGHU  1 )XUWKHUPRUH D
FRPSDUDWLYHH[SHULPHQWEHWZHHQWKHQHZGHVLJQRIWKHUXEEHUGRPHDQGWKHRUGLQDOGHVLJQRIDOXPLQXPDQGUXEEHU
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